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Abstract. The Galactic Bulge has long been assumed to
be a largely old stellar population. However, some recent
studies based on observations with the HST WF/PC-1
and WFPC2 of stars in the Galactic Bulge have con-
cluded that the old population may not make up more
then 30% of the total. Other studies using HST/WFPC2
differential studies of ‘Bulge’ globular clusters and field
stars have found the bulge to be comparable in age to
the Galactic Halo. A complication in all these studies is
the presence of a substantial population of stars which
mimic a young bulge population, but which may be, and
are often assumed to be, foreground disk stars whose
reddening and distance distributions happen to mimic a
young bulge turnoff. We show, using number counts in
HST/WFPC2 colour-magnitude diagrams of both field
stars in the Bulge and of two ‘bulge’ and one ‘disk’ globu-
lar cluster (NGC6528, NGC6553, and NGC5927) that the
stars interpreted as young in fact are foreground disk stars.
Thus, we confirm that the bulk of the bulge field stars in
Baade’s Window are old. The existence of a young metal-
rich population cannot, however, be ruled out from our
data.
We also test for age and metallicity gradients in
the Galactic Bulge between the two low extinction win-
dows Baade’s window (ℓ=1.◦1, b=−4.◦8) and Sagittarius-I
(ℓ=1.◦3, b=−2.◦7). We use the colour-magnitude diagram
of a metal-rich globular cluster as an empirical isochrone
to derive a metallicity difference of <∼ 0.2 dex between
Baade’s window and SGR-I window. This corresponds to
a metallicity gradient of <∼ 1.3 dex/kpc, in agreement with
recent near-IR CMD studies. Such a steep gradient, if de-
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⋆ B ased on observations with the NASA/ESA Hubble Space
Telescope, obtained at the Space Telescope Science Institute,
which is operated by the Association of Universities for Re-
search in Astronomy, Inc. under NASA contract No. NAS5-
26555
tected, would require the existence of a short scale length
inner component to the Bulge, most likely that prominent
in the near infra red, which perhaps forms a separate en-
tity superimposed on the larger, optical Bulge as observed
in Baade’s window.
Key words: Galaxy: abundances, center, general, globu-
lar clusters: NGC5927, NGC6528, NGC6553, stellar con-
tent
1. Introduction
The nature and origin(s) of Galactic Bulges are key as-
pects of any galaxy formation model, and of the Hubble
galaxy classification sequence. However, the present-day
properties of bulges in spiral galaxies are not well known
(eg Silk & Wyse 1993; Wyse, et al. 1997). Do bulges form
late, early or continuously? Are bulges related to halos? To
disks? Are they single stellar populations? The existence
of smooth and/or discontinuous gradients in age and/or
metallicity in the stellar population(s) in the Galactic
Bulge can help to discriminate between these different sce-
narios, and is the topic of this paper.
Is there evidence for the widely repeated assumption
that the Galactic Bulge is old? Recently published colour
magnitude diagrams from HST/WFPC2 and HST/WFC1
of the Galactic Bulge and the bulge globular clusters (Val-
lenari et al. 1996, Ortolani et al. 1995, Holtzman et al
1993) while dominated by fairly old stars, show a substan-
tial population of stars above the dominant old turnoff.
Are these foreground disk stars, or is there a minority
very young bulge population? Since even a minority young
bulge population is of interest, we examine here the limits
on young stars in the bulge windows.
One common approach to determine the properties of
the Bulge is to study the so called bulge globular clusters
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(see e.g. Zinn 1996, Ortolani et al. 1995, Minniti 1996).
While primarily motivated by observational convenience,
the rationale behind this approach is the assumption that
these clusters may be valid tracers of the stellar popula-
tion(s) of the Bulge (see however Zinn 1996 and Harris
1998) Formation scenarios relevant to this approach in-
clude the possibility that the Bulge has been assembled
from numerous such clusters and these are the last surviv-
ing (Gnedin & Ostriker 1997), or that the clusters formed
a system associated with the Bulge rather than with the
rest of the spheroidal component(s) of the Galaxy. Thus
the idea is that we may be able to infer the age and/or
metallicity of the Bulge stellar population either directly
from studies of these clusters, or through differential stud-
ies of the clusters and field stars, under the assumption of
similar metallicity. Since there is no ab initio understand-
ing of the formation of either galactic bulges or globular
clusters, and the age range of the globular cluster sys-
tem remains a topic of active debate, such analyses merit
close scrutiny. The most recent and extensive such anal-
ysis is that of Ortolani et al. (1995, 1996) who observed
two such globular clusters, NGC6553 and NGC6528, with
HST/WFPC2, and deduced that the Bulge has the same
age as the Halo.
Analysis of suitably-chosen globular clusters intro-
duces several possible complications. The first is the major
problem of defining a proper population of ‘bulge’ glob-
ular clusters. Some of the clusters used, e.g. Ter7, have
recently been shown to be associated with the satellite
dwarf galaxy Sgr dSph, rather than with the Galaxy itself.
They may therefore not be representative of the Galac-
tic Bulge. The method of comparing ridge-lines of globu-
lar clusters to infer relative ages requires the clusters in
question to have similar metallicities, and relative chem-
ical abundances of the alpha-elements, to avoid an age-
metallicity degeneracy (Stetson et al. 1996, VandenBerg
et al. 1990, 1996). New results by Cohen et al. (1999)
show that NGC6553 may be as much as ∼ 0.5 dex more
metal-rich than 47 Tuc, illustrating the potentially large
effects of metallicity range. The impressive recent study
of Rosenberg et al. (1999), indicating a dispersion in ages
for the intermediate metallicity globular clusters, and a
large systematic age difference between the metal-rich and
metal-poor clusters illustrates the complexity.
Another potential uncertainty is that the metallicity
distribution function of the stars in the galactic Bulge is
more similar to that in the solar-neighbourhood (cf. Wyse
and Gilmore 1995) than to that for clusters within 5 de-
grees of the Galactic centre (Minniti 1996; Barbuy et al.
1998). The bulge cluster distribution is both more narrow
and less metal-rich than the bulge field stars, complicating
any direct comparison.
Clearly, if one wishes to know the age of the bulge field
stars, it is desirable to observe the stars in the Bulge di-
rectly. Direct studies of the Bulge are difficult due to the
severe crowding towards the central regions of the Galaxy
and the large, patchy, reddening along the line of sight.
Several detailed studies of the outer Galactic Bulge exist,
providing kinematics and chemical abundance distribution
functions (Ibata and Gilmore 1995a, 1995b; Minniti et al.
1995; see also Wyse et al. 1997). For the inner Bulge sev-
eral analyses of the low reddening Baade’s window are
available (e.g. Ortolani et al. 1995, Vallenari et al. 1996,
Holtzman et al. 1993, Terndrup 1988, Ng et al. 1996), with
direct studies of the inner bulge field stars in the near-IR
recently also becoming available (Frogel et al. 1999), and
even mid-IR ISO photometry (Omont et al. 1999, Glass
et al. 1999). Additionally, many recent studies have em-
phasized the high continuing rate of star formation in the
inner bulge/disk. Do these stars diffuse with time the few
hundred parsecs into the Sgr and Baade’s windows?
The interpretation of extant data is unclear, with a
variety of contradictory results. Vallenari et al. (1996) use
a mixture of WF/PC-1 and NTT data while Holtzman et
al. (1993) rely exclusively on (the same) WF/PC-1 data.
Both groups reached the conclusion that the Bulge is dom-
inated by a significant young stellar populations. Ortolani
et al. (1995) using similar NTT data for Baade’s Window
found the Bulge to be as old as the Halo.
The confusion among the results from the space based
observations should be contrasted with ground based opti-
cal observations which find little evidence for a substantial
young stellar population(s) in the Galactic Bulge (eg Tern-
drup 1988), albeit rather far from the centre. Note however
that these observations do not cover the main-sequence
turn-off and the results are based on the giant branch.
The main-sequence turn-off is more sensitive to detection
of a significantly younger stellar populations. Further com-
plication is provided by studies of OH/IR stars, suspected
to be of intermediate age, which are common in the inner
bulge, or disk (Sevenster et al. 1997).
The distribution function of chemical abundances is a
key parameter defining a stellar population. In the outer
Galactic Bulge Ibata & Gilmore (1995b) derived the rele-
vant distribution function from spectroscopy of K giants.
They found a mean abundance of ∼ −0.2 dex, with a very
wide dispersion. In Baade’s window McWilliam & Rich
(1994) and Sadler et al. (1996) provided similar results.
Sadler et al. (1996) found for 400 K giants a mean abun-
dance of [Fe/H] = −0.11± 0.04 dex, with more than half
the sample in the range −0.4 < [Fe/H] < +0.3dex. This
is similar to the results from the detailed spectroscopic
analysis of McWilliam & Rich (1994). A metallicity gradi-
ent has been suspected for fields outside Baade’s Window,
Terndrup (1988) and Minniti et al. (1995). The important
conclusion from the spectroscopic analyses is that the stel-
lar populations of the inner Galactic Bulge are complex,
and that their analysis requires careful consideration of
projected disk and other populations.
In this paper we study colour-magnitude diagrams, de-
rived from archival HST/WFPC2 images, for 4 fields and
two clusters towards the Galactic Bulge and one “disk”
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cluster. We perform a purely differential study of the prop-
erties of the Galactic Bulge population(s), quantifying any
systematic offsets and/or gradients in age and/or metal-
licity in the field population(s).
The paper is organized as follows; in Sect. 2 we detail
the observations used and in Sect. 3 describe how we de-
rive the photometric magnitudes from the images. Sect. 4
discusses reddening and distances for the individual fields
and clusters, and the utility of the cluster data. Sect. 5 dis-
cusses the age of the Bulge, while Sect. 6 asks the question
whether a metallicity gradient might be present in the in-
ner Bulge. Sect. 7 includes a summarizing discussion which
puts our results into the context of other studies. A brief
summary is found in Sect. 8.
2. The data
All observations analyzed here were obtained from the
HST-archive. The observations for the two clusters,
NGC6528 and NGC6553, have previously been reported
and discussed in Ortolani et al. (1995) and the observa-
tion of NGC5927 in Fullton et al. (1996). However, to get
a set of data which is consistently treated we have derived
our own photometry from the original images. The images
are detailed in Table 1, and their positions on the sky are
shown in Fig. 1. The results presented here are all, due
to the crowding in some of the fields, based exclusively on
the PC1 images.
2.1. Data reductions
All frames have been recalibrated through the STScI
pipeline calibration for HST at the Space Telescope - Eu-
ropean Coordinating Facility, using the most suitable flat
field and bias frames available.
2.2. Combining images
Because the WFPC2 images are under-sampled extra care
has to be exercised so that counts in the centre of stars are
not lost when images are combined in order to remove cos-
mic rays. Sub-pixel shifts between two images can cause
the centre flux in one image (or in both) to look like a cos-
mic ray when the images are compared in the cosmic ray
algorithm. Experiments on several of the image sets, using
the stsdas.hst calib.wfpc.crrej task, showed that up
to 10% of the counts may be lost unless a term linear in the
counts (scalenoise) is included in the modeling of σ used
in the rejection algorithm (see the help file for crrej).
3. Stellar Photometry: Deriving colour-magnitude
diagrams
To derive photometric magnitudes we have used the stan-
dard iraf 1 tasks in the daophot package. To calibrate
1 IRAF is distributed by National Optical Astronomy Ob-
servatories, operated by the Association of Universities for Re-
our data we have used the procedures detailed in Holtz-
man et al. (1995b), as well as empirical determinations of
aperture corrections.
We follow the general procedure of first detecting pos-
sible stars with daofind, derive initial photometric mag-
nitudes from aperture photometry using phot, derive an
analytical point-spread-function (psf) for each image (as-
sumed constant over the entire chip) and finally perform
psf -fitting on the list of possible stars to determine stel-
lar magnitudes using allstar. The initial aperture pho-
tometry is done in an aperture of 2 pixels. We use the
psf -fitted magnitudes in our analysis. The raw psf -fitted
magnitudes need to be corrected for a number of effects
which are peculiar to HST, and calibrated onto the HST
in-flight system.
For the observations at (l, b) = (2.◦9,−7.◦95) only
one observation in the F606W passband was available.
We identified the objects on the combined F814W im-
age and used that list to identify the stars on which to
perform measurements in the F606W image. The colour-
magnitude diagram was then searched for anomalous look-
ing stars, which were inspected by eye in both passbands
and if deemed to be contaminated by cosmic rays, ex-
cluded.
We first present the steps in our calibration and then
discuss and detail each step separately as some of the
steps are non-trivial. Our calibration contains the follow-
ing steps;
1. apply empirical correction for the difference between
aperture and psf -fitted magnitudes,
2. add 2 electrons to the flux in each pixel inside a radius
of 5 pixels,
3. correct for the CTE effect,
4. correct for the geometric distortion,
5. normalize to WF3 and bay 4 (if applicable),
6. apply Holtzman’s synthetic aperture corrections from
5 pixels out to 11 pixels (0.′′5),
7. add synthetic zero points from Holtzman et al.
3.1. Aperture vs psf -photometry (ap/psf)
There is usually a zero-point offset (as well as a spread) be-
tween magnitudes derived from psf -fitting and from aper-
ture measurements. Since we construct our own psf from
the frame itself this offset is due to the magnitude assigned
to the psf by the psf task. This magnitude is the mag-
nitude of the first star used in constructing the psf , thus
it is somewhat arbitrary. This also means that the offset
between aperture photometry and psf -fitted photometry
may not always be the same or even have the same sign
in two frames.
For the stars that had been used to create the analytic
psf we measured aperture magnitudes inside 5 pixels and
search in Astronomy, Inc., under contract with the National
Science Foundation, USA.
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Fig. 1. Positions of fields and clusters.
Clusters are denoted by open circles
and fields by filled squares. NGC5927
(with l = −34◦) is well outside this
map. We also show the positions of the
5 inner-most fields studied by Ibata and
Gilmore (1995a,b), denoted by open di-
amonds. The Sgr dSph has its major
axis along l = +5◦, and extends down
to b <∼ 4
◦
Table 1. Coordinates and passbands of observations for the fields and clusters. For the fields we give the coordinates for the
centre of the PC1 and for the clusters the coordinates for the cluster centres. the column headed ID give the HST archive
identification number of the original observing program in which the observations were obtained. The last column give the total
number of stars simultaneously detected in F814 and F555W or F606W according to the selection criteria discussed in Sect.3.
If the data were truncated the truncation magnitude is indicated in the last column.
Field l b Passbands Total exp.time ID Date of obs. F814W+F555W/F606W
SGR-I 1.◦27 -2.◦66 F814W, F555W 3000,3000 5207 28/08/94 2940
BW 1.◦14 -3.◦77 F814W, F555W 2000,2000 5105 12/08/94 2221 (V555 < 26)
F814W, F555W 80,80 6185 2/09/95 1150 (V555 < 23)
MW-12 -6.◦00 -14.◦00 F814W, F555W 1000,1200 6614 9/10/96 63
u811 3.◦60 -7.◦20 F814W, F606W 2600,2600 5371 14,15/09/97 907
Deep 2.◦90 -7.◦95 F814W, F606W 5800,2900 6254 1/05/96 463 (V606 < 27)
NGC5927 326.◦6 4.◦86 F814W, F555W 3200,2400 5366 8/05/94 3289
(-34◦) F814W, F555W 210,150 5366 8/05/94 3587
NGC6528 1.◦14 -4.◦17 F814W, F555W 200,100 5436 27/02/94 1824
NGC6553 5.◦25 -3.◦02 F814W, F555W 200,100 5436 25/02/94 2795
subsequently calculated the difference between these mag-
nitudes and the magnitudes derived from psf -fitting, Fig.
2. The scatter around the mean-value for these corrections
is ≤ 0.03 magnitudes both in F555W and F814W and for
both long and short exposures. The difference was used as
an empirical aperture correction. The results are listed in
Table 2. The psf -magnitudes were in this way corrected
out to 0.′′5.
3.2. Long versus short exposures
For the field in Baade’s window a set of images with ex-
posure times of 2×1000s, 4×200s and 2×40s is available.
This has made it possible to investigate to what extent
the magnitudes derived from long and short exposures
of the same stars (and in this case also in a crowded
and reddened field) give the same magnitudes. There is
a well-known “feature” of HST photometry that short-
and long-exposure magnitudes do not agree in zero-point.
An addition of 2e−/pixel to the flux measured in aper-
ture photometry has been suggested as an empirical way
of correcting for such a discrepancy. We confirm that this
is a practical empirical formula. As we correct out to 5
pixels radius for the discrepancy between aperture and
psf -fitted magnitudes we add 2 electrons to the flux in
each pixel inside that radius. 2
2 Since this article was first submitted there has been signif-
icant development in the understanding of the long-vs-short
exposure problem. Further discussion of this problem and
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Fig. 2. Difference between psf -fitted magnitudes and aperture
magnitudes measured inside an aperture with radius 5 pixels
as a function of the psf -fitted magnitudes. In panel a. we show
the data for Baade’s window long exposure and in panel b.
short exposure. The error bars show the errors as given by
phot and allstar. Note the different ranges on the x-axes.
Table 2. Zero points, aperture corrections from Holtzman et
al. (1995a) and corrections for the zero points of the empirical
psfs.
Quantity Field F555W F606W F814W
Zero point 21.723 22.084 20.844
Ap.corr. 0.89 0.88 0.87
(Holtzman) 0.96 0.955 0.95
Psf - SGR-I 0.220 – 0.460
zero-point BW long 0.296 – 0.406
corr. BW short 0.281 – 0.470
MW-12 0.342 – 0.509
u811 – 0.361 0.485
Deep – 0.363 0.434
NGC5927l 0.303 – 0.493
NGC5927s 0.240 – 0.469
NGC6528 0.270 – 0.444
NGC6553 0.460 – 0.310
3.3. Aperture corrections, Charge Transfer Efficiency
(CTE) and Effective pixel area (EPA)
Aperture corrections to 0.′′5 apertures, i.e. 11 pixels on the
PC1, from the 5 pixel apertures used to derive the differ-
ence between psf and aperture magnitudes are employed
from Table 2 of Holtzman et al. (1995a).
The CTE has the effect that stellar objects in a given
row (more charge transfer) appear fainter then they should
its solution may be found in the WFPC2 Instrument Sci-
ence Reports 98-02 which can be found at the following URL
http://www.stsci.edu/ftp/instrument news/WFPC2
/wfpc2 bib.html
have appeared had they been at a lower row number. This
is corrected for through a simple formula suggested by
Holtzman et al. (1995a,1995b) which means that at the
highest row the detected light is 4% higher than at the
first row and this correction changes linearly along the
column. For observations taken before the cool down of
the CCDs in WFPC2, 32 April 1994, the CTE is higher,
∼ 10%.
As discussed in Holtzman et al. (1995a) the WFPC2
cameras have geometric distortions. We correct for these
distortions using the information in the map of effective
pixel area given in Fig.16, Holtzman et al. (1995a).
3.4. Completeness
In order to determine the level of completeness, as a func-
tion of derived apparent magnitude, we have performed
the “addstar experiment”, ie we add artificial stars at
a given magnitude, thus creating a new image. The new
frames were then put through the same processes as de-
scribed above and the list of synthetic stars created by
addstar was cross-correlated with the final list of de-
tected stars to reveal how many of the synthetic stars had
been recovered. For this we required not only that the co-
ordinates should be the same but also that the new mag-
nitude should be within 0.5 magnitudes of the magnitude
assigned to the synthetic star by addstar, as illustrated
in Fig. 3.
Note that in this study we do not require a detailed
knowledge of the completeness function. This is because
we are studying the turn off regions and brighter in the
colour-magnitude diagrams. Our only requirement here is
to show that completeness is not a significant problem
near the main-sequence turnoff. In fact, our photometry
extends several magnitudes fainter than necessary for this
experiment.
Fig. 3. Completeness for the deep exposure of Baade’s window.
SGR-I shows the same level of completeness. This completeness
is based on the stars detected in both V555 and I814
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3.5. Selection of final stellar samples
All images were carefully inspected for saturated stars and
spurious detections around saturated stars (mottling) and
along the diffraction patterns. It was found that once the
data for F814W and F555W were matched very few satu-
rated stars remained in the final sample and virtually no
detections on diffraction spikes and in the mottling pat-
tern remained.
The final selection of stellar samples was based on the
diagnostic diagrams produced from the psf -fitting pho-
tometry of which an example is presented in Fig. 4. As can
be seen in this figure a cut at χ814 < 2.5 and χ555 < 2.5
cleans up the error vs. magnitude diagrams satisfactorily.
4. Reddening, distances and metallicities.
As we are using archive data we do not have control over
which passbands have been used. This makes it difficult to
address the question of reddening for all fields and clusters
in a consistent way. We later consider the sensitivity of our
conclusions to the adopted reddening. Initially we consider
available determinations in the literature.
We have searched the literature for independent de-
terminations of the reddening. For two of the clusters and
the SGR-I field observations in the two HST U-passbands
exist, which could in principle allow derivation of the ex-
tinction directly. Unfortunately the clusters were observed
in F336W, which has a large red leak. This means that the
extinction has a non-linear dependence on the reddening
which makes it difficult to deredden the stars in the colour-
colour diagram.
We use the extinction for a K5 spectrum as given in
Table 12 of Holtzman et al. (1995b) to calculate the red-
dening vector. When E(B − V ) is not directly available,
we use the extinction law given in Table 2 of Cardelli et
al. (1989) to deriveE(B−V ) (adoptingRV = 3.1). The ex-
tinctions and reddenings from the literature are collected
in Table 3.
Table 3. Reddenings from the literature and extinctions, de-
rived from Holtzman et al. (1995b)
Field E(B − V ) AF555W E(VF555W − IF814W)
SGR-I 0.58 1.77 0.70
BW 0.49 1.49 0.59
NGC5927 0.46 1.41 0.56
NGC6528 0.6 1.83 0.73
NGC6553 1.0/0.8 3.03/2.45 1.20/0.50
4.1. Comparison with previous studies
The same observations as we use for NGC6553 and
NGC6528 have previously been reported in Ortolani et al.
(1995) and those for NGC5927 in Fullton et al. (1996). A
comparison between our colour-magnitude diagrams and
theirs shows excellent agreement where even individual
stars may be identified. The comparison of both the gen-
eral structure of the colour-magnitude diagrams as well
as of magnitudes of individual stars give us confidence in
our photometry for the other fields, eg. MW, SGR-I. Or-
tolani et al. (1995) did not publish the colour-magnitude
diagram for NGC6528 but the ridge-line.
4.2. The Bulge fields
4.2.1. SGR-I
SGR-I is a well known low-extinction area. Glass et
al.(1995) adopt AV = 1.87. They ascribe fairly large and
uncertain errors to this value. The cluster NGC6522 ap-
pears to have similar extinction to SGR-I. Walker & Mack
(1986) found AV = 1.78±0.10. Using RV = 3.1 this corre-
sponds to E(B−V ) = 0.57. Frogel et al. (1990) also derive
0.57 for an A0 star. Terndrup et al.(1990), from M giants,
derive a E(B − V ) = 0.54. The estimate is, essentially,
based on the similarities between NGC6522 and the SGR-
I field. No HST observations in the relevant passbands are
available for NGC6522. We adopt E(B − V ) = 0.58.
4.2.2. Baade’s window at R.A.=18 03 11.7 δ=–29 51 40.7
This field is situated in the low extinction area called
Baade’s Window. Stanek (1996) produced a detailed ex-
tinction map of this area from OGLE data. The uncer-
tainty, which is systematic, in this determination mainly
arises from the zero point. This grid has 30arcsec spacing,
and we are cautioned that there may exist further struc-
ture in the reddening below this spatial resolution. For the
position of the PC1 his map gives E(V − I) = 0.566 and
AV = 1.452. Using Cardelli et al. (1989) this corresponds
to E(B − V ) = 0.49. Using Holtzman et al. (1995b) this
translates to E(VF555W − IF814W) = 0.59.
4.2.3. Fields at (l,b)=(3.◦6,-7.◦0) and (2.◦9,-7.◦95)
These fields are part of two parallel programs and we do
not have further information from observations of the ex-
tinction. Figure 7 however suggests that they suffer from
similar extinctions. Since V606 is roughly 0.6 magnitudes
brighter than V555 the turn-offs for these two fields ap-
pear very similar in colour to those of SGR-I and Baade’s
window. We primarily use these observations for number
counts in I814.
4.3. The globular clusters
Two of the clusters, NGC6528 and NGC6553, are situated
between us and the Galactic Bulge. The third, NGC5927,
is also in the disk but well away from the Bulge line of
sight, hence we will only have contamination from disk
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Fig. 4. Diagnostics for the SGR-I field. Figures a., b., and c. show the error, δI814, the sharpness and the χ814 as a function of
the I814 magnitude. In d. we show the same as in a. but when the cut in χ814 is imposed (as indicated in c.). Finally in Figures
e. and f. δV555 are shown as functions of V555 magnitudes. In e. without any cuts imposed and in f. when χ555 cut at 2.5. Figure
d. and f. thus show the distribution of the errors in the final sample of stars in SGR-I colour-magnitude diagram as displayed
in Fig. 6.
Table 4. Data for NGC5927 compiled from the literature.
Value Ref. Comment
Core radius 0.′42 Harris (1996)
∆(m−M) 16.10 Zinn (1980) 16.6 kpc
14.52 Djorgovski (1993) 8.0 kpc
[Fe/H] −0.16 Zinn (1980)
−0.30 Zinn & West (1984)
−0.32/ − 0.64 Rutledge et al. (1997) Zinn & West (1984) scale/Caretta& Gratton (1997) scale
[Fe/H]47Tuc +0.57 Cohen (1983) relative to 47 Tuc at –0.7 dex
Age 10.9± 2.2 Gyr Fullton et al. (1996)
15 Gyr Samus et al. (1996)
E(B-V) 0.48 Zinn (1980)
0.46 Peterson (1993)
(0.44) − 0.46 Sarajedini & Norris (1994) For several solutions for
reddening and metallicity
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Fig. 5. Colour magnitude diagrams for the cluster fields and the short exposure of Baade’s window. a. NGC5927 short exposure,
b. NGC6528 c. NGC6553, and d. BW short exposure. The direction of the reddening vector, as given in Holtzman et al. (1995b),
is indicated by a solid line in each diagram. The colour-magnitude diagram for Baade’s window was truncated at V555 = 23.
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Fig. 6. Colour magnitude diagrams for the two fields and NGC5927. a. NGC5927 long exposure, b. MW-12, c. SGR-I, and d.
BW long exposure. The direction of the reddening vector, as given in Holtzman et al. (1995b), is indicated by a solid line in
each diagram.
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Fig. 7. Colour magnitude diagrams for the two fields observed in F606W and F814W. a. is the field at (l,b)=(2.9,-7.95) and b.
at (3.6,-7.2). The colour-magnitude diagram for the field at (2.9,-7.95) has been truncated at V606 = 26. The direction of the
reddening vector, as given in Holtzman et al. (1995b), is indicated by a solid line in each diagram.
Table 5. Data for NGC6528 compiled from the literature.
Value Ref. Comment
Core radius 0.′09 Harris (1996)
Distance 7.5 kpc Ortolani et al. (1992)
∆(m−M) 16.4 Zinn (1980) 19.1 kpc
[Fe/H] +0.01 Zinn (1980)
+0.29 Bica & Patoriza (1983)
+0.12 Zinn & West (1984)
−0.23 Armandroff & Zinn (1988) Integrated spectra IR Ca ii
high, sim to NGC6553 Ortolani et al. (1992)
−0.23 Origlia et al. (1997) IR abs. at 1.6 µm
[M/H] +0.1/− 0.4 Richtler et al. (1998) Trippico isochrone/Bertelli isochrone
Z Z⊙ Bruzual et al. (1997)
Age 14 Gyr Ortolani et al. (1992) metallicity comparable to solar
12± 2 Gyr Bruzual et al. (1997)
E(B-V) 0.55 Ortolani et al. (1992) NGC6553 as reference and ∆(m−M)V = 14.39
0.62 Bruzual et al. (1997)
0.56 Zinn (1980)
E(V-I) 0.8/0.6 Richtler et al. (1998) Trippico isochrone/Bertelli isochrone
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Fig. 8. Histogram showing the distribution of integrated
(V − I)o for all the clusters in Harris (1996) catalogue for
which photometry in all passbands are available. We have
used the reddening quoted in Harris to calculate the intrin-
sic colours. The catalogue values of V − I for NGC6528 and
NGC6553 are given. Harris give E(B − V )6528 = 0.62 and
E(B − V )6553 = 0.84. Note that if we used the reddenings
quoted in this paper the clusters would in fact become intrin-
sically even less red. The second panel shows the V-I colours as
a function of the [Fe/H] values quoted in Harris. The • in the
lower panel indicates the position of NGC6553 with the new
iron abundance from Cohen et al. (1999).
stars in this field. All three are thought to be among the
more metal-rich globular clusters in the Galaxy (e.g. Rut-
ledge et al. 1997). The cluster kinematics have been in-
terpreted as evidence that the clusters are members of
what is called the bulge population of globular clusters
(see Minniti 1996 and references therein). We noted above
that such assignments do not allow any deduction on the
relative properties (ages, etc) of field and cluster stars,
given the lack of understanding of the formation of either
population.
a
c
b
Fig. 9. Colour-magnitude diagrams for NGC5927. In panel
a the long exposure. The ridge line used in Sect. 6.1 is
over-plotted as heavy dots. In panel b and c are the ridge
line shown for the short exposure with isochrones superim-
posed. Isochrones are for 8, 10, 12, 14, 16, 18 Gyr, Bertelli
et al. (1994) and Guy Worthey (private communication). The
isochrones have been moved to a distance of 8 kpc and an ex-
tinction of E(B− V ) = 0.46. Reddening vectors are plotted in
upper right hand corner. Metallicities as indicated
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We have searched the literature for data on the clus-
ters. Several studies are available, both in the visual and
the IR as well as spectroscopic studies of individual stars
and of the integrated light from the cluster, and are sum-
marized in Tables 4, 5 and 6. References reporting a result
are given in preference to later reviews. It is important for
our study to understand the metallicities of the clusters
and the fields, at least on a relative scale. Large metal-
licity differences would influence the conclusions from the
number counts in Sect. 5.
We note, using the catalogue data by Harris (1996),
that the integrated colours for NGC6528 and NGC6553
show them to be “normal” clusters. This is illustrated in
Fig.8, where it is seen that extreme high metal abundances
are unlikely, given their integrated colours.
4.3.1. NGC5927
This cluster is situated in the disk well away from the
Bulge, and is one of the most metal-rich disk globular clus-
ters known. Fullton et al. (1996) present colour-magnitude
diagrams from the same HST/WFPC2 observations as we
use. They derive a cluster age of 10.9 ± 2.2 Gyr, using
[Fe/H] = −0.24±0.06 dex. This makes the cluster 3-5 Gyr
younger than many other disk clusters. The lower metal-
licity found from Caii infrared triplet lines by Rutledge et
al. (1997) would imply a higher age. Samus et al. (1996)
presented the first deep ground-based BV I photometry
for the cluster from which they derived an age of 15 Gyr
assuming [Fe/H] = −0.49 dex.
In Fig. 9 we show the ridge-line of NGC5927 with
theoretical isochrones for 8-18 Gyr over-plotted. The
isochrones have been moved to a distance of 8 kpc and
an extinction of E(B−V ) = 0.46 (see Table 4). From this
we infer that [Fe/H] = −0.64 dex, as derived by Rutledge
et al. (1997), is a good fit to the data. Also that a very
young age is not likely, but rather 12− 14 Gyr.
4.3.2. NGC6528
NGC6528 is situated in the line of sight towards Baade’s
Window. It has been the subject of two separate studies
(Ortolani et al. 1992 and Richtler et al. 1998), as well as
figuring in a number of studies of other metal-rich globu-
lar clusters (Cohen & Sleeper 1995, Ortolani et al. 1995,
Kuchinski et al.1995, Bruzual et al.1997). To our knowl-
edge no spectroscopic abundances have been reported.
From the similarities in field and cluster colour-
magnitude diagrams, Ortolani et al. (1992) concluded that
not only is NGC6528 projected onto the Galactic Bulge
but the stellar population is indistinguishable from that
of the bulge population. They noted a strongly curved red
giant branch, interpreted as evidence for high metallicity,
and a tilted horizontal branch. Richtler et al. (1998) could
not identify the cluster red giant branch directly in their
colour-magnitude diagram due to the combination of the
Bulge population in the observed area and cluster AGB
stars. The initial tilt of the horizontal branch was signifi-
cantly reduced by carefully selecting bulge stars and dis-
carding the field stars. By investigating the member-ship
of the very red giants, V − I > 3.5, they conclude that
the cluster is indeed situated in front of the general bulge
field population and not embedded in it.
Our data do not reach bright enough magnitudes
to study the horizontal branch in detail, however, from
number counts in Sect. 5 we conclude that our colour-
magnitude diagram is significantly contaminated by Bulge
stars. Thus, while NGC6528 is possibly not a clean fidu-
cial cluster, it is ideal for our present age-test experiment
(see also Sect. 7).
4.3.3. NGC6553
NGC6553 is perhaps the best studied cluster of the three.
Ortolani et al. (1990) published the first detailed study of
this cluster, which is situated at a projected distance of
∼ 6◦ from the galactic centre and roughly at a distance
of 5 kpc from us. Being some 10-20 scale lengths from the
Galactic centre, this makes it a marginal ‘bulge’ cluster.
However it is often included in such studies (eg Barbuy et
al. 1998). Here we will use its colour-magnitude diagram
to constrain the number of young stars in the Galactic
Bulge, Sect. 5. However, the colour-magnitude itself mer-
its a further discussion here. The work of Ortolani et al
has been followed up in the infra red by Davidge & Si-
mons (1994), and by Guarnieri et al. (1997) who present
a study based on both optical and infrared observations.
The aim with this study is to provide a template for infra
red studies of the galactic bulge population.
4.3.4. Differential reddening towards NGC6553?
Our colour-magnitude diagram, in Fig. 5, shows some in-
triguing and previously not discussed patterns. At V ∼
21.5 an apparent second turn-off is seen and more or less
parallel to the red of the red giant branch is a second se-
quence of stars. This sequence is actually visible also in the
colour-magnitude diagram in Ortolani et al. (1995), how-
ever the apparent turn-off is not. Additionally, this cluster
has a well-known ‘tilted’ horizontal branch, with the HB
slope lying close to that of the reddening vector, and has
a broad main-sequence turn-off.
Can the “extra” giant branch, and the various other
anomalies be due to differential reddening of cluster stars?
Ortolani et al. (1995) found the reddening to be variable
over the PC1, ∼ 0.2 magnitudes across the field. The sim-
plest possible test is to see if the CMD anomalies are re-
stricted to one patch of the field that has higher redden-
ing. In Fig. 10 we show the positions of the stars in the
“extra” giant branch. It is clear that the stars are evenly
distributed over the image and that their positions in the
colour-magnitude diagram cannot therefore be due to a
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Fig. 10. NGC6553. a. The position on
the PC1 chip for the stars on the two gi-
ant branches. b. Colour-magnitude di-
agram for the same stars. The direc-
tion of the reddening is indicated by
a solid line. Open circles denote stars
with V555 < 18.5 and filled circles stars
with V555 > 18.5. Error bars, as given
by allstar, are over plotted for these
stars.
simple selective extinction effect. Plausible astrophysical
explanations all have difficulties: the obvious explanation,
that this is the background Galactic bulge, with some ad-
ditional reddening, is very difficult to make consistent with
the data. An alternative, though also speculative, expla-
nation is that the second giant branch is part of the Sgr
dSph galaxy (Ibata et al. 1995). The absence of any such
features in Fig.7 for fields closer to the centre of Sgr re-
quires a very non-uniform surface density in the dwarf
galaxy. However, even with this explanation, further red-
dening beyond NGC6553 is required to move it to such
red colours.
An explanation of the colour-magnitude data for
NGC6553 remains difficult. Reddening which is both
patchy and mixed through the cluster remains feasible. A
detailed HST (WFPC plus NICMOS) study is required,
and is underway. It will be reported elsewhere (Beaulieu
et al. 1999, in prep.). In the interim, some reserve in de-
ductions from this cluster is advised.
4.3.5. Spectroscopic abundances
In addition to the metallicities based on photometry and
spectroscopy of the Ca ii infra red triplet, summarized in
Table 6, two studies have obtained high-resolution abun-
dance data for a handfull of stars in the cluster. Barbuy
et al. (1997) completed the first detailed abundance study
and derive Mg, Ti, Si, Ca and Eu abundances as well as
Fe abundances for 3 very cool stars. Preliminary results
are [Mg/Fe] ≃ +0.15, [Ti/Fe] ≃ +0.3, [Si/Fe] ≃ +0.6,
[Ca/Fe] ≃ 0.0 and [Eu/Fe] ≃ +0.3. The abundance ra-
tios for Mg, Ti, Ca and Eu are similar for those found in
metal-rich dwarf stars in the solar neighbourhood (Feltz-
ing & Gustafsson 1998 and Feltzing 1999) while the cluster
appears overabundant in Si. This could point to a rapid
star formation history, but any interpretation is contra-
dicted by the low Ca abundance, which is not consistent
with the other alpha-elements.
Cohen et al. (1999) find that five horizontal branch
stars have a mean [Fe/H] of −0.16 dex, which is compara-
ble to the mean abundance in the Galactic Bulge as found
by McWilliam and Rich (1994). The horizontal branch
stars are preferable to use because their spectra are less
crowded and abundances are therefore more readily ex-
tractable then in the very crowded spectra used by Bar-
buy et al. We will therefore adopt this new high [Fe/H].
This is also consistent with the early findings by Cohen
(1983) that an underestimate in E(B − V ) of as little as
0.m05 corresponds to an underestimate in [M/H] of 0.2
dex.
5. The age of the Galactic Bulge
Fig. 11. Definition of windows for NGC6528, Table 7.
In our colour-magnitude diagrams in Fig 5 and 6 there
appear to be many stars in the “young stars” and “blue
straggler” region, brighter and bluer than the main main-
sequence turn-off. Because the turn-off region is sensitive
to age (Fig. 12) is this evidence for a young stellar popu-
lation? The turn-off region in these diagrams is also sensi-
tive to foreground contamination, and to bulge blue strag-
glers. Rather than simply assuming the nature of the stars
around the turn-off in the colour-magnitude diagrams of
Bulge fields, foreground or a substantial young Bulge pop-
ulation, we test the possibility that they are foreground
14 Sofia Feltzing et al.: Age and metallicity gradients in the Galactic Bulge
Table 6. Data for NGC6553 from the literature.
Value Ref. Comment
Core radius 0.′55 Harris (1996)
Distance 4.9 kpc Ortolani et al. (1990)
∆(m−M) 16.4 Zinn (1980) 19.1 kpc
13.6 ±0.25 Guarnieri et al. (1992) 5.25 kpc
[Fe/H] +0.26 Zinn (1980)
+0.47 Bica & Pastoriza (1983) For a discussion of probable error sources
see Barbuy et al. (1992) (CNO excess)
−0.7 Pilachowski (1984) Spectroscopy of 1 star
−0.41 Webbink (1985)
−0.2+0.2−0.4 Barbuy et al. (1992) Spectroscopy of star III-17
≥ −0.4 Davidge & Simons (1994) IR photometry
−0.29 Zinn & West (1994)
−0.55 Barbuy et al. (1997), Barbuy et al. (1999) Spectroscopy of 3 giant stars
−0.33 Origlia et al. (1997) IR abs. at 1.6 µm
−0.60 Rutledge et al. (1997) IR Ca ii triplet
−0.16 Cohen et al. (1999) from 5 horizontal branch stars
[Fe/H]47Tuc +0.24/ + 0.37 Cohen (1983) Spectroscopy 5 stars/2 most metal-rich stars,
relative to 47 Tuc at –0.7 dex
+0.10 Cohen & Sleeper (1995) relative to 47 Tuc at –0.71 dex
Z Z⊙ Bruzual et al. (1997)
Age Ortolani et al. (1990) between 47Tuc and Pal 12
12± 2 Gyr Bruzual et al. (1997)
E(B-V) 0.78 Zinn (1980)
≤ 1.0 Ortolani et al. (1990)
0.7 Guarnieri et al. (1997)
Table 7. Number of stars in “boxes”. The first column identifies the fields and clusters, the second the designation, i.e. MS
(main sequence), TO (turn off), and Disk, for the box, the third gives the range in V555 and the fourth gives the range in
V555 − I814 used for defining the box, then follows the number of stars counted in each box. The last three columns give the
relative numbers in the different boxes.
Field V V-I # Disk/MS Disk/TO TO/MS
SGR-I Disk 18-20 0-1.6 54 0.13 0.20
(d=3deg) TO 20-21 0-1.6 268 0.07
MS 21-22 all 404
BW Disk 18-19.7 0-1.35 34 0.12 0.18
(d=4deg) TO 19.7-20.7 0-1.4 188 0.07
1000s MS 20.7-21.7 all 276
BW Disk 16(18)-19.7 0-1.35 47(39) 0.15(0.13) 0.24(0.20)
40s TO 19.7-20.7 0-1.4 193 0.06
MS 20.7-21.7 all 307
NGC6528 Disk 18-20 0-1.5 50 0.11 0.18
(d=5deg) TO 20-21 0-1.5 278 0.06
MS 21-22 all 473
NGC6553 Disk -19.5 0-1.44 26(31) 0.04(0.05) 0.07(0.08)
(d=6deg) TO 19.5-20.5 0-1.44 397 0.06
MS 20.5-21.5 all 667
NGC5927 Disk 18-19.6 0-1.3 52 0.06 0.06
(d=35deg) TO 19.6-20.6 0-1.3 809 0.09
MS 20.6-21.6 all 889
Sofia Feltzing et al.: Age and metallicity gradients in the Galactic Bulge 15
disk contamination. This is done by quantifying their spa-
tial distribution, since foreground disk stars will be dis-
tributed on the sky differently than are bulge stars, of
whatever age. The key to this experiment is our consider-
ation of fields in a variety of directions, and in particular
use of the cluster NGC5927, which is at longitude 34◦, far
from the bulge.
We defined three “windows” in our colour-magnitude
diagrams in which we performed number counts. The lo-
cation of the windows was decided upon by inspecting the
colour-magnitude diagrams of SGR-I and NGC6528. We
defined three windows; one corresponding to stars above
the turn-off (young bulge and/or foreground disk and/or
blue stragglers), one at the turnoff of an old population
and one on the bulge main sequence, as illustrated in Fig.
11. The colour and magnitudes limits were then adjusted
for each field and cluster to take distance and reddening
differences into account, following Table 7.
We first compare the counts for the two clusters,
NGC6553 and NGC5927, one near the bulge, one far out
in the disk. For these two clusters, The relative number
of stars that are either young or are foreground disk stars
and stars that are thought to belong to the Bulge, called
“Disk/MS” in the table, is constant between the fields,
while the absolute number is roughly constant. This is
direct evidence that the counts in the disk box are domi-
nated by true disk stars and not true bulge stars. Further
direct evidence that the “disk” stars are disk, is the near
constancy of their surface density in the inner bulge fields.
In this part of the diagram the star numbers do not
change with l, b as they would if we were seeing a young
Bulge population. The COBE Bulge has a scale length of
∼ 1o (Binney, et al. 1997) and hence the number counts
would change significantly over the area studied.
The ratio of disk to main sequence and turn-off stars
for NGC6528 is different to that for the other two clus-
ters, suggesting that for this cluster the colour-magnitude
diagram is significantly affected by field contamination,
perhaps explaining some of the apparent anomalies noted
in earlier analyses of these HST images (Ortolani et al.
1995).
Table 8. Number counts in I814 for the four fields. Their rel-
ative numbers are compared with simple predictions using the
E2 model of the Galactic Bulge density distribution from Dwek
et al. (1995).
Field ∆I814 # rel. SGR-I Model
SGR-I 20.0-21.0 536 – –
BW 19.5-20.5 372 0.69 0.62
20.0-21.0 328 0.61
u811 20.0-21.0 52 0.10 0.11
Deep 20.0-21.0 44 0.08 0.09
Fig. 12. Illustration of the age-metallicity degeneracy around
the turn-off. Isochrones are from Bertelli et al. (1994), in the
HST passbands courtesy of G. Worthey.
Fig. 13. In panel a. we show the colour distribution for stars
in NGC5927 with 20.2 ≤ V555 ≤ 21.2. The histogram has been
moved so that its mean colour (V − Inorm) is zero. To this his-
togram a Gaussian is fitted, shown by the dashed line. This
Gaussian defines the colour distribution in a single stellar pop-
ulation, convolved with our photometric errors. A colour dif-
ference of 0.07 in magnitude corresponds to a change in [Fe/H]
of 0.3 dex (at -0.3 dex and 0.0 dex). Two Gaussians separated
in colour by the equivalent of a 0.3 dex metallicity difference
are added to make up a reasonable representation of the colour
distribution in Baade’s window (see text). This is plotted in b.
To the Gaussian representing Baade’s window a third popu-
lation at +0.3 dex is added in different proportions, to illus-
trate the effect on the observed colour distribution of a very
metal-rich population. The three curves are: short dashed line
50% stars added, dotted line 100% stars added and long dashed
line 200%.
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Fig. 14. Normalized histogram of the
colour distribution of stars in magni-
tude slices for NGC5927, SGR-I and
the deep exposure of Baade’s window.
The slices are made in V555, with mag-
nitude ranges appropriate for redden-
ing and distance in each line of sight.
The magnitude ranges are: panels a and
c are for 20-21, b for 20.5-21.5, d and f
for 21-22, and e for 21.5 -22.5.
The spatial distribution of the number counts in I814 in
the four deep fields are consistent with results from simple
simulations using the E2 model of the Galactic Bulge in
Dwek et al. (1995) (Table 8). We present two counts for
Baade’s window. This field has the lowest extinction and
we would expect the counts between 19.5 <∼ I814 <∼ 20.5
to be comparable with the counts in SGR-I between 20.0
and 21.0. However, for comparison we also give the counts
in the same apparent magnitude bin for Baade’s window.
As can be seen the difference is small, but consistent with
Baade’s window having an extinction ∼ 0.3 magnitudes
less than that towards SGR-I.
We conclude that the apparent evidence for a signifi-
cant young Bulge population in our colour-magnitude di-
agrams is an artifact of disk contamination. Correcting
the observed colour-magnitude diagrams, using the re-
sults for NGC5927, removes all the stars above and to
the blue of the turnoff. That is, there is no evidence in
these HST/WFPC2 data for a significant age range in the
bulge population.
This tight limit, extending the previous results of Or-
tolani etal that the bulk of the bulge is old, is somewhat
surprising. What happens to all the young stars forming
in the inner disk? We emphasize however, that available
limits still allow an age range of several Gyr, especially so,
as discussed below, if there is an age-metallicity relation
in the bulge stars.
5.1. Can we resolve the metallicity distribution function?
We now consider if we are able to use the apparent width
of the main-sequences in the colour-magnitude diagrams
to constrain the width of the stellar metallicity distribu-
tion function. Recall, from Fig. 12 that a younger metal-
richer population can hide in the turn-off region. It should,
however, show up on the main sequence, if the statistics
are good enough.
In Fig.13 we show a slice histogram for NGC5927 for all
stars between V555 20.2 and 21.2 and a Gaussian fitted to
it. We use this Gaussian as a representation of the appar-
ent colour distribution including measurement errors of a
single stellar population in our data. A difference of 0.07
in colour corresponds to a change in [Fe/H] of 0.3 dex.
Two Gaussian separated by 0.3 dex are added to make
up the Gaussian drawn with a full line. This should be
a reasonable representation of the colour distribution in
Baade’s window (see text). To the Gaussian representing
Baade’s window we add a third population at +0.3 dex.
As is clear from the figure, to be able to resolve a metal-
rich extra population, that population has to be large in
numbers relative to the metal-poor one, and enough stars
have to be observed so that the histograms can be con-
structed with small enough bins (∼ 0.02). This is not the
case here.
In Fig. 14 the histograms have been moved so that
the mean colour for each slice is centred at 0. We have
fitted a Gaussian to the two histograms for NGC5927.
This Gaussian is reproduced in the panels showing the
histograms for SGR-I and Baade’s window. From this we
conclude that there is some evidence for a larger spread in
V − I in the fields than in the cluster. In particular, the
slice at a fainter V555 show a larger spread towards the
blue, for the two field populations than for the cluster,
consistent with a broad metallicity distribution function
with a tail to metal-poor stars. The metal-rich (red) sides
of the histograms are however too poorly determined for
useful conclusions.
Sofia Feltzing et al.: Age and metallicity gradients in the Galactic Bulge 17
6. Is there a detectable metallicity gradient?
In order to check a possible metallicity gradient, we com-
pare the colour-magnitude diagrams of the Baade’s win-
dow and SGR-I field. This is a particularly robust method,
since we are not sensitive to incompleteness at the faint
end of the ridge lines, the colour-magnitude diagrams be-
ing comparably complete.
6.1. The metallicity in Baade’s window
Fig. 15. The CMD for Baade’s Window is shown, together
with its own ridge line (fainter than V555 ∼ 20, open squares).
The solid points (•) are the ridge line constructed from the
colour-magnitude diagram of NGC5927, shifted along the red-
dening line appropriately.
Figure 15 shows the colour-magnitude diagram from
the short exposure of Baade’s window with its own ridge
line, and also the ridge line derived from the NGC5927
short exposure data. The ridge line of the cluster has been
moved along the reddening line to account for the differ-
ences in reddening for the two fields. We observe that the
both the main sequence and the giant branch of the field
population(s) are redder than those of the cluster. From
this we conclude that the mean metallicity of Baade’s win-
dow is ∼ 0.3 dex higher than that of the cluster. This is in
good agreement with results from spectroscopic studies.
6.2. The Bulge metallicity gradient
The most robust way to compare colour-magnitude dia-
grams is to construct a ridge line for each field. The ridge
lines can then be moved to compensate for differential red-
dening effects, and compared to appropriate isochrones.
This is illustrated in Fig. 16. We see, in panels (a) and
(b), that adopting literature values for the reddening, and
attributing all the resulting difference between the ridge
lines to metallicity, implies a difference of 0.5 dex in metal
abundance, which corresponds to 3.2 dex/kpc, assuming
a distance of 8 kpc to the Galactic Bulge.
However, the relative reddening between the fields may
well be in error. We thus test two further hypotheses.
First, that there is no significant metallicity gradient, but
there is an age gradient. This is shown in Fig.16 panel (c),
where one sees that an age gradient of ∼ 6 Gyr over 0.14
kpc is required, a result we consider implausible.
We therefore try a further experiment, assuming the
reddening is unknown, and is a free parameter to be deter-
mined. In this case we can derive a lower limit to any real
age or abundance gradients, if we conservatively assign as
much as is possible of the differences between the colour-
magnitude diagrams to reddening, while fitting the two
ridge lines using their overall morphology. This is shown
in panel (d) of Fig. 16. No significant residual systematic
difference between SGR-I and Baade’s window remains.
Using the isochrones by Bertelli et al. (1994) our best
estimate of any allowed difference is <∼ 0.25 dex. We con-
clude that there is no strong evidence for an abundance
gradient between Baade’s window, at projected distance
from the centre of 550 pc, and SGR-I, at projected dis-
tance 412 pc, assuming a distance of 8 kpc for the Bulge.
The upper limit on the amplitude of any abundance is
<
∼ 0.2 dex, corresponding to <∼ 1.3 dex/kpc. This value
may be compared with the recent suggested detection, by
Frogel et al. (1999), of a gradient of amplitude 0.5dex/kpc.
7. Discussion
Our conclusion that the Galactic Bulge is predominately
old is in conflict with those of Vallenari et al. (1996) and
Holtzman et al. (1993). Both these studies found evidence
for a substantial (up to 30%) young stellar population in
Baade’s window. Also Kiraga et al. (1997), from OGLE
data, concluded that the disk stellar population in Baade’s
window is old, while the true Bulge stars have a bluer turn-
off implying a younger age than 47 Tuc. These results are
based on Baade’s window only. The strength of our study
is that it utilizes five different line of sight. Our use of
data for the cluster NGC5927 is of considerable value,
since this cluster is situated in the disk well away from
the sight line towards the Galactic Bulge. Accordingly the
contamination present in this colour-magnitude diagram
must arise from foreground disk stars. We show that the
relative and absolute number counts in this cluster show
the same pattern as those in the Bulge fields, showing that
the stars previously identified with a substantial (or exclu-
sively) young stellar population in the Galactic Bulge are
in fact foreground disk stars. Holtzman et al. (1993) note
that their interpretation of the data would likely change
substantially if for example the reddening estimates are
in error. Our results are mainly robust against such er-
rors. Our results are also in accordance with ground-based
studies, especially in the IR, which have found no evidence
for a substantial young stellar population in the Galactic
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Fig. 16. Each of the 4 panels
shows the comparison of the ridge
lines for SGR-I (filled circles) and
Baade’s window, (open circles). Panel
(a) presents the ridge lines as ob-
served, corrected according to the red-
denings cited in the literature. This
panel also shows the ridge line for
NGC5927, (×). In (b) we also over
plot a set of 14 Gyr old isochrones
for [Fe/H ] = −0.5,−0.25, 0.0,+0.25
dex, illustrating the apparent large
abundance gradient implied by these
adopted reddenings. In panel (c) the
ridge lines as observed are moved
to optimize agreement between the
lower part of the two main sequences.
Isochrones for [Fe/H ] = −0.25 dex
and 8, 10, 12, 14, 16, and 18 Gyr
(Bertelli et al. 1994 and Worthey pri-
vate communication) are over-plotted,
illustrating the large age gradient im-
plied by this method. In panel (d) the
ridge lines are shifted to optimize an
overall fit of the morphology. 14 Gyr
isochrones for [Fe/H]= -0.5 and -0.25
dex are over-plotted to indicate the sen-
sitivity to abundance gradients in this
case.
Bulge (e.g. Terndrup 1988, Tiede et al. 1995, Frogel et al.
1990).
The first HST analysis of the stellar populations in
Baade’s Window which deduced an old age for the bulk
of the bulge stars is that of Ortolani et al. (1995). We use
the same HST data, and some other archive data, to pro-
vide a direct test of a critical assumption underlying that
study, and to extend the analysis to search for gradients
in metallicity and/or age. By further removing from the
analysis the assumption that the ‘bulge’ globular clusters
are a true tracer of the age and metallicity of the field
stars, we restrict the analysis to the mean bulge star: the
metal rich bulge stars, those above about solar abundance,
may be substantially younger than the bulk of the bulge.
Ortolani et al. (1995) observed two ‘bulge’ globular
clusters, NGC6553 and NGC6528, with HST/WFPC2.
By comparing ridge lines of these globular clusters with
that of the metal-rich globular cluster 47 Tuc they con-
cluded that the ‘bulge’ clusters have ages comparable to
the halo globular clusters. They then compared the V-
band luminosity function of all stars observed in Baade’s
Window with the V-band luminosity function observed
for NGC6528, concluding that “the main sequence lumi-
nosity functions also coincide with extremely high preci-
sion in the brighter, age-dependent part that is less af-
fected by incompleteness and field contamination (that is,
19.5 <∼ V <∼ 20.5)”. As is illustrated clearly in our colour-
magnitude data for NGC6528 this part of the apparent
magnitude range is indeed heavily contaminated by fore-
ground disk stars, which appear as if they are young bulge
stars. Why did these stars not vitiate the Ortolani etal
analysis? The explanation is that analyses based only on
luminosity functions are valid if and only if the field con-
tamination is exclusively foreground disk, and that there
is no significant young bulge population. In that case, the
cluster luminosity function is in error in just the same way
as is the field data, and so the two errors compensate. In
fact, the luminosity function method can be justified only
post hoc, after an analysis of the type reported here. We
confirm that Ortolani et al. (1995) were correct in that
assumption.
The observational study of the inner bulge is further
confused by the distinct possibility that the very centrally-
concentrated “infra-red bulge” seen by IRAS and COBE is
not related in a simple way, if at all, to the larger “optical
bulge” studied further from the centre (Ibata & Gilmore
1995a, 1995b; Wyse et al. 1997, Unavane & Gilmore 1998,
Unavane et al. 1998). Recent studies of external galaxies
(Carollo 1999) show that central nuclei are common in
bulges, and also that bulges have a diversity of properties.
Optical studies in the Milky Way have been restricted to
Baade’s window and beyond, ≥ 4 COBE scale lengths
from the centre. Here we compare Baade’s window with
the low extinction window called SGR-I, roughly at the
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limit of optical observations, at b = 2.◦6, testing to see if
the inner and outer Galactic Bulge have the same stellar
population(s).
We deduce an upper limit to a metallicity gradient of
<
∼ 1.3 dex/kpc. Is such an amplitude surprising? Let us
consider two distinct possibilities which show that such a
result is plausible.
The COBE Bulge has a scale height of ∼ 150 pc, and
could be interpreted as evidence for a separate compo-
nent superimposed on top of the optical Bulge. Further
evidence that this may indeed be a separate entity (the
’nucleus’?) is provided by the fact that both luminosity
and kinematical models (eg Kent 1992) which describe
well the outer bulge under-predict the light in the very
central part of the Galactic Bulge. At the position of the
SGR-I window, at 3 COBE scale lengths from the Galactic
Centre we are just beginning to pick up the IR Bulge. It is
quite plausible that this centrally condensed structure is
considerably more metal-rich than the underlying, larger,
optical Bulge which is the main contributor to the stellar
population(s) in Baade’s window, at < [Fe/H ] >= −0.3
dex.
These results are supported by recent studies of OH/IR
stars (Sevenster, et al. 1997). OH/IR stars, which are
oxygen-rich, cool giant stars in their final stages of evo-
lution, trace basically all stars with a main-sequence mass
of 1 − 6M⊙ and can be reliably detected through their
OH maser emission at 1612 MHz. This makes them ideal
tracers of the underlying stellar population. They are in-
termediate age or old, and should therefore be dynami-
cally relaxed and trace the global gravitational potential.
These stars are distributed in the central Bulge with a
scale height <∼ 100 pc (Sevenster et al. 1997).
We also note the fact that star-forming regions such
as Sgr B exist shows that star-formation is still going on
in the Galactic Bulge on scales of 50-100 pc. This is yet
further evidence that we could expect the central parts of
the Galactic Bulge to be more metal-rich than the outer
edges of the Galactic Bulge. There remains perhaps no
more than a semantic distinction between continuing for-
mation of the central Disk and the central Bulge on such
small scale lengths and recent times.
In conclusion, both large scale modeling of the dynam-
ics in the Bulge and specific tracers show there to be struc-
ture in the stellar populations at scales below those of the
optical Bulge. The central parts are a highly dissipated
self-enriching part of the Galaxy which is at least partially
young.
8. Conclusions
We demonstrate how deep images with high spatial reso-
lutions, only available since the advent of HST, enable us
to determine the properties of the Galactic Bulge stellar
population(s). In this we have used three measures;
– number counts - to search for a young stellar popula-
tion
– histograms - to search for a metal-rich population
– comparison of ridge lines - to derive metallicities and
look for internal differences, i.e. gradients in age and
metallicity
In particular we find that
– our results are consistent with no significant young
stellar population in the Bulge, some 500pc, or 2-5
scale lengths, from the centre, contrary to some previ-
ous studies;
– the Galactic Bulge has a mean metallicity equal to that
of the old disk;
– there is marginal evidence for a central metallicity gra-
dient;
– the colour-magnitude diagram of NGC6553 is complex,
requiring care in photometric analyses of this cluster.
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